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Introduction
Maize weevil (Sitophilus zeamais Motsch.) is the major stored pest of Coleoptera order. It belongs to the group of economically important pests of stored grain. In Croatia, maize weevil can be more frequently found in storages of small-scale farms than in large storage facilities or silos. This is ascribed to its higher resistance to lower temperatures in distinction from the remaining pests of Sitophilus genus. Present measures of stored pest control are mainly based on application of synthetic insecticides and fumigants. However, their non-selective and uncritical application in storage facilities brings up some serious issues, such as toxic effects to the grain that is used in diet for people and livestock (Fishwick, 1988) , and contamination of the environment (WMO, 1995) . In practice in Croatia, phosphine is presently in use in stored pest control. However, fumigation with phosphine should be also limited for evident increase in the resistance of some pest species to a phosphine compound, which has been observed in more than 45 countries (Bell and Wilson, 1995) . This means that phosphine in use can and has to be limited on the global level. Therefore, there is a necessity to find safe alternatives to the conventional insecticides and fumigants that would protect grain and its products (Rozman et al. 2006 ). This investigation proved that certain compounds (monoterpenes) of Dalmatian essential oil extracts of the families Lamiaceae and Lauraceae, respectively: lavender (Lavandula angustifolia Ch.), laurel (Laurus nobilis L.), rosemary (Rosmarinus officinalis L.) and thyme (Thymus vulgaris L.) exhibited toxic activity against maize weevil S. Zeamais which could be used as a new alternative in protection against the pest species.
Material and methods
Essential oils, gas chromatography, compounds The essential oils of the Dalmatian aromatic plants lavender, rosemary, thyme and laurel were purchased from "Ireks aroma", Zagreb, Croatia. Oils were analyzed by gas chromatography, using a "Perkin-Elmer" (USA) GC -type 8,700, fitted with a "Supelco" (USA) SP-2380 capillary column 30m, i.d. 0.32mm, 0.20 µm film thickness. The nine compounds present in oils of the aromatic plants were purchased from "Sigma-Aldrich" and "Fluka" These compounds were tested by bioassay.
Insects
Culture of the maize weevil -Sitophilus zeamais (Motsch), was collected from the granaries in the eastern part of Croatia. They were reared in the laboratory to obtain the first generation (F1) for use in bioassays. Adults used in the experiments were 1 to 3 weeks old and of mixed sex. S. zeamais was reared on whole maize grain in glass containers containing 0.5 kg of clean maize with 13% m.c. at 25 ± 1 °C and 70% ± 5% r.h. in darkness.
Fumigant activity -6 days laboratory test
To determine fumigant activity of the compounds tested a modified procedure described by Rozman et al. 2006 . was used. Four replicates of 10 adults of S. zeamais species were put into silk mesh cages that were placed in separate glass jars of 720 ml capacity containing 250 g of maize of 12 % m.c.1,8-cineole, camphor, eugenol, linalool, carvacrol, thymol, borneol, bornyl-acetate and linalyl-acetate were tested at 5 dose rates (0.1; 1; 10; 50 and 100 µl per 720 ml volume) and over exposure periods of 1, 2, 3, 4, 5, 6 and 7 days under controlled conditions (temp. 25 ± 1 o C, and 70 ± 5 % r.h., in darkness). The compounds were applied with a "Hirschman" digital micropipette on filter paper attached to the lids of the tightly sealed glass containers. To determine fumigant activity all the samples were observed daily over the exposure of 1-6 days or until 100 % mortality of test insects, and compared to the untreated control samples.
Fumigant activity -24 days test in storage conditions
Analyses in storage conditions were done at IPK "Croatia" d.o.o. Silos and Mill, Osijek. Tested mercantile maize was dried to 12-13 % r.h. in the storage and cooled at the temperature of 10 o C. All the samples each of them weighing 5 kg were packed into twolayered paper bags and infested with 10 S. zeamais adults that were previously put into silk mesh cages. All compounds at the dose of 200 ml were applied to impregnated porous strips 10 cm in length and incorporated into the prepared wheat samples. Control was infested wheat samples with no treatment. Bags with samples were sealed with adhesive tape and placed on wooden pallets in storage conditions (temp. 5 -10 °C; r. h.
65-75 %).

Statistical analysis
Mortality data were subjected to multifactorial analysis of variance (ANOVA) according to the GLM (general linear model). Significant differences were shown by LSD test and entered in the tables. Data processing was conducted by the SAS System for Windows 98 and SPSS 11.0 for Windows.
Results and discussions
Analyses of fumigant activity proved high toxicity of all 9 compounds against S. Zeamais (Table 1) . Average mortality of 85 -100% was achieved at the lowest dose (0.1µl per 720ml) after 24 hours. Within the doses tested statistically significant differences (P<0,05) were found in the treatments with eugenol and bornyl-acetate during 4-day exposure. Namely, S. Zeamais proved to be less susceptible to the lower doses of eugenol and bornyl-acetate towards 1,8-cineole, camphor, linalool, carvacrol, thymol, borneol, and linalyl-acetate. The differences were more pronounced in storage conditions ( Figure  1 ) with 1,8-cineole as the most effective, followed by thymol, linalyl acetate, carvacrol, linalool camphor, borneol, and bornyl acetate as the least effective. Most similar researches worldwide were done on maize weevil due to its dominance in the maize supplies on small-scale farms in tropic and subtropic areas of developing countries that are rich in aromatic plants, but unable to pay too high prices for fumigants.
It was proved that 1,8-cineole, eugenol and camphor as the major compounds of the essential oils of Ocimum kenyense, O. suave and O. Kilimandscharicum had toxic effect against maize weevil, whereas combination of the each single compound with plant oils (coconut, sunflower, sesame, common nutmeg) enhanced toxicity maintaining toxic effect 90 days after the treatment (Obeng-ofori et al., 1998.) . The same was proved by Prates et al., 1998 . who had isolated 1,8-cineole and limonene from Brazilian flora of Eucaliptus genus as major compounds of insecticidal activity with lethal doses. Our investigations showed the same, even better results of fumigant toxicity with 1,8-cineole, camphor, eugenol, linalool, carvacrol, thymol, borneol, bornyl-acetate and linalyl-acetate in the experiments in vitro and in vivo.
Conclusions
It is necessary to process large quantities of the plant material to gain enough essential oils in quantities sufficient for commercial-scale tests. Certain compounds (monoterpenes) in the oils exhibit much stronger activity than overall essential oils. Such investigations may contribute to sustainability and should encourage cultivation of plant varieties that produce these compounds in larger quantities as a resource for new formulations of active substances that should be patented by chemical industry.
